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Abstract  
Cellular materials possess excellent mechanical, physical and thermal properties compared 
to solid materials. They are widely used as an energy absorber in the form of packaging 
foams to protect products from severe acceleration and deceleration in collision or impact 
events. The properties of cellular materials rely on their solid distribution within their 
periodic unit cell. In the last few decades, a large amount of research and studies have 
been conducted on metallic foams, honeycombs, and other cellular composites. However, 
only limited amount of research has been conducted on the 3D periodic cellular structures. 
Particularly, the practical research for the relationship between the specific energy 
absorption and bulk modulus of a 3D periodic cellular materials is the main concern. The 
cellular materials with optimized bulk modulus are expected to have merits for use in 
energy absorption applications. Unfortunately, there is few research conducted to 
investigate this type of materials.  
The aim of this thesis is to understand the specific energy absorption, compressive 
strength and deformation pattern of the 3D periodic cellular materials with optimized bulk 
modulus, i.e., Schwarz Primitive Structures, which possesses optimal mechanical, thermal 
and flow properties. Inspired by their optimum bulk modulus, this study aims to 
investigate the energy absorption capacity of 3D periodic Schwarz primitive structure 
under uniaxial compression as well as under triaxial compression. The experimentally 
validated Finite Element Models (FEM) is employed to simulate their deformation features. 
The mechanical properties of 3D periodic Schwarz primitive structure are studied in 
uniaxial and hydrostatic compression with strain control. The deformation process and 
corresponding stress-strain curves are presented. The nonlinear increasing trend of 
mechanical properties with respect to relative density has been obtained. The specific 
energy absorption of the 3D periodic Schwarz primitive structure.  The merits of energy 
absorption capacity of 3D periodic Schwarz primitive structure under compression is 
confirmed by comparison with other common cellular material of identical relative density.   
It can be concluded from those results that the cellular materials have the ideal energy 
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absorption features under uniaxial compression and have superior energy absorption 
capacity under triaxial compression. Thus, they are ideal for industry packaging and other 
energy absorption applications. 
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1. Introduction 
 Cellular materials background  1.1
Cellular materials widely exist in our nature such as bone, wood, leaves, and animal 
tissues. Human has used natural cellular materials for more than thousands of years. 
The word of ‘cell’ was created in 1660 to describe the pores in a cork by Robert Hook 
from his microscopic experiment. Over the centuries, researchers and scientists strived 
to create new cellular materials which were capable of mimicking the properties of 
materials in nature since cellular materials possessed excellent mechanical, physical and 
thermal properties compared with solid materials.  
Nowadays, the demand for light but strong materials and structures widely used in 
automotive, aerospace, packaging and other industries has dramatically increased.  
Metal and composite materials such as aluminum, magnesium, titanium, carbon fiber 
and polymeric matrices are the most commonly used. Cellular materials are usually 
formed by base materials with complex architectures which provide excellent 
mechanical and thermal properties. The properties of cellular materials are dominated 
by the materials from which they are made and cell topology. Over the pass few 
centuries, a large amount of cellular materials have been developed and used in our 
society, which are made of either stochastic or periodic topologies in either open cell or 
closed cell. At the basic level, there are honeycomb-like materials which formed by 
parallel and prismatic cells. The other type of cellular materials is polymeric foam, which 
is used in everywhere from a coffee cup, to crash energy absorber in automotive 
equipment. Metal, ceramic and glass foams are also another new types of cellular 
materials which have been used in structural and other applications.  
The new cellular materials were originally created through mimicking the properties of 
materials in nature. To obtain a better understanding of mechanical properties of these 
materials, a substantial amount of analytical, Finite Element Analysis (FEA) and practical 
experimentation have been conducted by researchers. They found that the mechanical 
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properties of cellular materials were not only affected by the raw material that they are 
constructed from but also their structural topology. In the last few decades, numbers of 
studies have been done on metal foam, 2D and 3D honeycomb types and other 
composite type structures [1-13]. However, only limited amount of research was 
conducted on the 3D periodic cellular structure, particularly, numerical and 
experimental works on the energy absorption and bulk modulus of a 3D periodic cellular 
structure were still lacking. Since the optimum structure with maximum bulk modulus 
[14] have been determined by the state-of-art topology optimization technique, which 
can be used as a reference in designing the artificial periodic cellular structure. 
Obviously, there is a need to know whether the cellular materials with optimized bulk 
modulus are expected to have merits for use in energy absorption materials. This study 
is planned to address these important research issues in a comprehensive manner.  
1.1.1 Stochastic cellular materials 
Stochastic cellular materials are made from random architecture. These random 
architecture cellular materials can be found in nature and artificially manufactured such 
as bone, cork and metal foam and polymer foams with a random distribution of voids 
and pores within the structure. Also, they can be defined into two subclasses which are 
an open and closed cell. More details of this will be covered in Chapter 2.  
1.1.2 Periodic cellular materials 
Periodic cellular materials are formed by duplicating the primitive unit cell periodically 
in three principle axes.  These materials have typically highly porous structures with only 
20% or less of their interior volume occupied by solid [15]. Usually, these materials are 
stretch-dominated, which means that the strength increases linearly with their relative 
density [15-17]. Detailed information will be reviewed in Chapter 2.  
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 Applications of cellular materials 1.2
Cellular materials are extensively used in various industries: building, packaging, 
aerospace, automotive, and marine. They exhibit some remarkable, unique physical 
properties which include low relative density, low electrical conductivity, low Young’s 
modulus and high strength [2]. Multifunctional properties also can be found on them. 
The functions of cellular materials are categorized in four major areas: thermal 
insulation, packaging, structural and buoyancy. 
The main application of glass or polymeric foams is in thermal insulation. For examples, 
commercial and residential buildings in Figure 1(a), refrigerated truck and liquid natural 
gas tanker all take advantage of low thermal conductivity of expanded plastic foams. 
The other unique advantage of foams for being used as an insulator in ultra-low-
temperature research is reducing the amount to refrigerant need to cool the insulation 
themselves because of their low density. They are also suitable for high-temperature 
insulation applications. The thermal mass of foams is proportional to their relative 
density.  
Industry packaging is the second major function of cellular materials. A typical example 
is shown in Figure 1(b). Cellular materials are used to absorb the energy of impacts or of 
forces generated by deceleration without subjecting the contents to damaging stresses. 
Foams are one of the materials that suits for the purpose well. The strength of foams 
can be easily modified over a wide range by controlling their relative densities, and they 
also can undergo a large deformation up to a compressive strain of 0.7 or more with 
almost constant stress. Therefore, a large amount of energy can be absorbed in this 
process without generating high stress. 
The natural cellular materials such as wood and bone are used for structures to support 
large static and dynamic loads. Wood is the oldest cellular materials used in human 
history and is still the world’s structural materials widely used. The man-made 
honeycomb and sandwich panel are the most commonly used in structural applications 
which is shown in Figure 1(c). They are broadly used in the applications where weights 
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are critical such as: spaceship, racing yachts, skis, automotive industry and portable 
buildings. The sandwich panel structures also can be found in nature such as cellular 
bone, compact bone separated by a light weight core of spongy and skull.  
The deformation behaviour of both engineered and natural cellular materials can be 
analyzed and predicted via various analytical, numerical or experimental models. In 
designing light-weight sandwich structures, or in critical packaging applications, material 
design engineer requires accurate data about the way in which the cellular materials will 
behave under different conditions. 
It is also noticed that the majority of the microstructures of cellular materials exhibit 
inherent imperfections and inhomogeneity, such as the different thickness of cell walls, 
misplaced cell walls, filled cells and irregular cell wall arrangements. These 
microstructural deviations commonly exist in natural cellular materials and man-made 
stochastic cellular materials as shown in Figure 1(d).  
 
Figure 1. Typical example of the cellular material applications [18]. (a) glass foam used as an 
insulator in the building; (b) cellular material in packaging – cardboard; (c) honeycomb core 
sandwich panel used in the structural application;  (d) microstructure of the glass foam. 
 Objectives and methodology 1.3
Wall Glass 
foam 
(b) 
(a) 
(c) 
(d) 
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1.3.1 Objectives 
There were only limited researches on the properties of 3D periodic cellular materials, 
especially for 3D periodic cellular materials with Schwarz primitive structure which have 
potential to be used for energy absorption. The objective of this study is to investigate 
the energy absorption, compressive strength and deformation pattern of the 3D 
periodic cellular materials with Schwarz primitive structure, which possesses optimum 
bulk modulus. The study is planned to provide these important research issues of such 
3D cellular materials for energy absorption applications. 
The objectives of this study are: 
(i) To develop finite element model of the Schwarz primitive periodic cellular 
materials and employ FEA;  
(ii) To carry out the practical experiments in the laboratory and use experimental 
data to verify the FEM;   
(iii) To compare the energy absorption property of cellular materials constructed 
from the Schwarz primitive with that of other geometries to identify merit of the 
developed cellular materials to be used for energy absorption devices. 
1.3.2 Methodology 
To accomplish these objectives, extensive FEA is conducted together with practical 
experiments in this study.  FEM will be built and analyzed in the commercial FEA 
software, ABAQUS/Explicit version 6.13. Two FEA models will be developed. The first 
FEA model is used to study the mechanical properties and deformation behavior of the 
3D Cellular materials with periodic Schwarz primitive structure under uniaxial 
compression load. The second model is driven from the first model, and hydrostatic 
loading with strain control is applied to the model. Results from FEA models will be 
further used as a reference for the setup of the practical experiment. 
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The experiment will be implemented to validate the FEA models to ensure the response 
of the FE model with sufficient accuracy. This experiment is conducted on the MTS. 
Once the FEA model is validated, it can be used to predict the deformation pattern, 
energy absorption response and other mechanical properties of the periodic Schwarz 
primitive structures.  Other geometric parameters such as wall thickness, the size of 
void and different topology of the unit cell are also investigated. Parametric studies will 
be conducted on 3D periodic cellular materials in various topologies within a 
constrained volume, and identical weight under strain controlled uniaxial and tri-axial 
and compression to mimic hydrostatic pressure. Finally, conclusions will be drawn 
accordingly.  
 Organization of thesis 1.4
The thesis is organized into six chapters. A brief description of the contents of each 
chapter is presented here:  
Chapter 1 is the summary of background, objective and organization for this thesis.  
Chapter 2 presents comprehensive and detailed literature review of the recent studies 
of the cellular materials. The review of literature includes classification of cellular 
materials and structures, mechanical properties cellular materials and structures, 
topology optimization in cellular materials and finite element modeling of cellular 
material and its fundamental theory. 
Chapter 3 elaborates the development of the FEA models that are used to simulate the 
3D periodic cellular materials with Schwarz primitive structure under axial and 
hydrostatic loading. The FEA modeling procedure is specified, together with the 
techniques used to implement the quasi-static loading conditions. The selection of 
suitable material and element model are also included in this chapter.  
Chapter 4 describes the sophisticated 3D printing manufacture process for specimens 
and development of practical uniaxial compression experiments of the cellular materials 
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with Schwarz primitive structure. Detailed setup information of practical experiment is 
presented.  
Chapter 5 presents parametric studies for mechanical behaviours of the cellular 
materials with periodic Schwarz primitive structure in various thicknesses under uniaxial 
compression and hydrostatic loading. The validated FEA models as per the model 
developed in Chapter 3 and verified in Chapter 4 are used. Meanwhile, the numerical 
results on 3D periodic cellular material with different structural topologies are also 
presented. These parametric studies examine the effects of the same structural 
topologies with different cell wall thickness, and different structural topologies under 
the same volume/weight fraction constraint on energy absorption and deformation 
response of the 3D periodic cellular materials. Finally, detailing of 3D cellular materials 
with periodic Schwarz primitive structure is recommended as the high-performance 
energy absorber under hydrostatic pressure.  
Chapter 6 provides a summary of conclusions for the thesis and suggestions for future 
research.  
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2. Literature Review 
The literature which is relevant to the study conducted in this thesis is reviewed in this 
chapter. This literature review provides the basic knowledge and the current research 
state in the cellular materials  
There are four aspects addressed in the literature review as below: 
I. Classification of cellular materials; 
II. Mechanical properties of cellular materials and structures; 
III. Topology optimization in cellular material; 
IV. Finite element modeling theory. 
 Classification of cellular materials 2.1
2.1.1 Stochastic cellular materials 
The stochastic cellular materials possess unstructured architecture. This unstructured architecture is found 
in nature such as wood, bone and cork, as well as man-made material, polymer and metal foams. Also, 
randomly distributed pores and voids form within the structure. Open-cell foam and close-cell foam are the 
two subclass of stochastic cellular materials. Figure 2 (a) & (b) shows the open cell structure which is 
made of the interconnected member at nodes and Figure 2(c) & (d) shows the closed-cell structures 
which are formed from fully enclosed pores and voids with membranes in between. The relative density is 
the ratio of density,  ̃ of cellular structure to the density    of solid of which it is made.   
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Table 1 shows the relative density of some typical cellular materials.  
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Table 1. Relative density of some typical type of cellular materials. 
Material Relative Density Material Relative Density 
Ultralow density foams 0.001 Softwoods 0.15-0.4 
Polymeric foams 0.05-0.20 Porous solid >0.4 
Cork 0.14   
 
(a) Sintered – (Open-cell) (b) Duocel – (Open-cell) 
  
(c) Polymer foam – (Close-cell) (d) Syntactic Foam – (Close-cell) 
  
Figure 2. Typical stochastic cellular materials – open and close cell foams. 
For both open and closed-cellular materials, the young’s modulus is highly dominated by 
the relative densities which are affected by the pore content. The relationships between 
foam properties, base material properties and the relative density of the foam were 
determined by Gibson and Ashby [19]. The equation in below shows the relationships 
for open-cell foam 
 ̃
  
  ̃  (1) 
where  ̃ and    are the Young’s modulus of the foam and solid parent. Also on Equation 
(2) shows the closed-cell foam relationship where   is the fraction of solid in the edges 
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which is specified in literature [1, 19]. The compressive strength of foam reduce 
followings the decrease of relative density. 
 ̃
  
    ̃        ̃ (2) 
The compressive strength of the open-cell foam and close cell foam can be 
approximated [19] as shown in Equation (3) & (4) below: 
 ̃  
  
     ̃    (3) 
 ̃  
  
       ̃ 
 
           ̃ (4) 
where   ̃   is plastic collapse strength of foam and    is the yield strength of the parent 
material. 
Foam structures are usually manufactured from metal, polymers and ceramics have 
been well investigated [1, 20, 21]. The irregular cell structure with substantial, 
unpredictable defects and non-identical curvature of cell walls are generally found on 
the stochastic foam; these imperfections are generated during the manufacture process. 
Therefore, the strength and stiffness vary from place to place within the stochastic foam.  
Although the sandwich structures with stochastic foam core made from polymeric or 
metal which is commonly used in our everyday life, their low strength and modulus are 
not optimal for most applications [22].  
2.1.1.1 Metallic foams 
Over the last decades, the mechanical properties of metal foams had been well studies 
and investigated. Since the first ‘sponge metal’ was produced with a novel method of 
manufacture in 1948 by Sonsik [23], and then the “metal foam” is produced in 1951 by 
Elliot [24]. Exceptional properties have been shown in these materials. After the Cold 
War in the mid-1990s, open-cell metal foams had been released and used in general 
industries rather than military only [25]. Therefore, the majority of the research on 
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metal foams was concentrated to closed cell cellular materials. However, the 
fundamental theory and parameters are still adopted to open cell material, the earlier 
studies on close cell material set up the foundation for future study. 
2.1.1.2 Polymer foams 
Polymer foams can be found everywhere in our modern world and suitable for various 
applications such as energy absorber for packaging, the cushioning of sofa and 
insulation materials. Polymer foams are fabricated from solid and gas phase mixed to 
form a foam. Usually, this forming process is generated by combining the two phase in a 
short period of time for the system to respond in a smooth fashion. As a result, foam 
possesses polymer matrix with either air bubbles or air tunnels are incorporated in it, 
which also is known as closed-cell foam and open-cell foam. The polymeric closed-cell 
foams generally possess higher rigidity, and open-cell foams are more flexible. Polymer 
foams can be categorized into tow sub-class thermoplastics and thermosets. The 
thermoplastics can usually be broken down and recycled, but not the thermoset which 
due to the heavily cross-linked.  
Polymer foams exhibit a lot of advantageous properties. The density is low, and so the 
weight reduction compared to other options is significant. Low heat transfer makes 
them ideally for insulation. The soft and flexibility meaning polymer foams provide more 
conform when it used for furniture. The properties and application of the polymer 
foams have been well investigated in varies literature [19, 26] over the last decades. 
2.1.1.3 Ceramic foams 
Ceramic foams are formed from hardened ceramics with an air bubble trapped in pores 
over the body of the material. They are usually fabricated by impregnating open-cell 
polymer foams internally with ceramic slurry and then firing in a kiln, leaving behind the 
only ceramic material, and commonly used for thermal insulation, acoustic insulation 
and absorption of environmental pollutants. Ceramic foams have also been used as stiff, 
light weight structural material. In last decades, there is a large number of research on 
the properties and application of the ceramic material in varies application [21, 27, 28]. 
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2.1.2 Periodic cellular materials 
Periodic cellular materials possess regular cellular structure. These structures can be 
engineered to exhibit both high strength and low density. Inspired by lightweight 
cellular structures found in nature, are able to address the often conflicting 
requirements of reducing weight in mission-critical applications while maintaining 
superior structural performance. Usually, these materials are lighter than traditional 
metal forms. The structure of periodic cellular materials are often stretch dominated 
which means the strengths increase linearly with relative density [15-17]. They also 
exhibit highly porous property which has 20% or less of their interior volume occupied 
by solid [16]. The periodic cellular materials are formed from the unit cell which 
duplicates itself in three dimensions. The majority of the periodic topologies in the 
cellular material are commonly categorized into three types, honeycomb, prismatic and 
truss as shown in Figure 3. 
Honeycomb Prismatic Truss 
(a) Square (a)Triangular (a)Tetrahedral 
  
 
(b) Square (b) Diamond (b) Pyramidal 
  
 
(c) Triangular Nav-truss (c) Kagome 
 
 
 
Figure 3. Schematic illustration of periodic cellular core topologies, modified from reference 
[16]. 
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2.1.2.1 Honeycomb core structure 
Honeycomb cores can be formed in a hexagonal, square or triangular shape, or minor 
variations of these shapes. Honeycomb cores are the closed-cell type of structures 
comprised of plate or sheet elements that form the edges of the unit cell. They can be 
fabricated from three different processes include slotting, corrugation, and stacking 
process [29, 30]. Both square and the triangular shaped cell can be manufactured by the 
slotting processes, which have less anisotropic than hexagonal honeycombs, and more 
efficiently resist in-plane stretching.  
The 2D nature of honeycomb structure means that their use is beneficial when the 
environmental conditions are predictable, and the honey comb design can be orientated 
in such a way to extract maximum benefit. The mechanical performances of Honeycomb 
structures are much better than stochastic foams. However, due to nature of closed cell 
which limits the multifunctional capability of the honeycomb structures [16, 31].  
2.1.2.2 Prismatic structure 
Prismatic cellular structures are normally fabricated from a sheet of plates with open-
cell in one direction and closed-cell in the other two directions. There are three major 
types of prismatic cellular topologies such as periodic triangular, diamond and nav-truss. 
These structures can be manufactured by a bending or plate folding process or by an 
extrusion technique [16, 22]. Recently, a new manufacturing thermo-chemical extrusion 
fabrication process was developed which can produce with nearly arbitrary two-
dimensional topologies, metallic base materials, and wall thicknesses as small as 
0.05mm [32]. Prismatic cellular material has a combination of properties that can be 
modified to make them suitable for a range of applications such as ultra-light structures, 
heat exchangers, fuel cell and battery subsystems, energy absorption system [2, 33]. 
Therefore, the cells are only open in one direction; prismatic topologies also are often 
used in fluid applications to enable fluid flow in one direction but not others [16].  
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2.1.2.3 Truss core structure 
Truss cores are fully open cellular structures which are formed from struts or trusses. 
They can be manufactured with a number of cross-sectional shapes, including square, 
rectangular or tubular. Examples of truss core topologies include pyramidal, tetrahedral, 
3-d kagome, square collinear, octet, and other variations of these shapes. Truss cores 
feature ligaments which are interconnected at node points, and in some cases form a 
continuous network. A number of fabrication techniques for truss cores haven been 
developed, including a perforation and folding method [34] which is suit for metal alloys, 
investment casting [35], hollow tube layup [36], and mechanical snap fitting [37]. Octet 
lattice topologies have the added advantage of near-isotropic properties, i.e., the 
mechanical properties are similar when tested in different orientations [38]. 
2.1.3 Novel cellular material. 
In recent years, the manufacturing techniques and controls have significantly improved 
which makes it possible to produce cellular material with complex architecture.  The 
triply periodic minimal surface structures exhibit complex structural topology and have 
the potential of being used as lightweight materials for advance technological 
application [39]. Thus, the novel cellular material was studied based on the triply 
periodic minimal surface; they include Schwarz Primitive, Schoen IWP, Neovius, Schoen 
Gyroid, Fischer-Koch S, and Schwarz CLP geometries as shown in Figure 4 [40]. In reality, 
these structures can be manufactured via the 3D printing technology. However, there is 
only a limited amount of research conducted in this area.  
(a) Schwarz Primitive (b) Schoen IWP 
  
(c) Neovius (d) Schoen Gryoid 
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(e) Fishcer-Koch S (f) Schwarz CLP 
  
Figure 4. Novel type of cellular materials based on minimal surface, picture left shows 3D 
periodic cellular material and the right is base unit cell  [40]. 
 Mechanical properties of cellular materials and structures 2.2
2.2.1 Cellular materials 
The cellular materials are described as an assembly of cells with solid edge and/or faces, 
packed together so that they fill space [19]. Such materials in nature are cork, bone, 
wood, coral and bee honeycombs as shown in Figure 5 (a) & (b). These natural materials 
typically feature a hard outside layer and lightweight with regularly spaced pores or 
voids [19]. They exist and have been utilized for thousands of years. However, due to 
the limitation of technology, the mechanics of these structures has not been 
determined until recent centres. The presence of such structures in nature has 
prompted the man-made cellular structures with dense exterior layers which mimic the 
structural efficiency and load bearing capacity of these materials [34]. Cellular materials 
usually can be categorized into periodic and stochastic topologies. In both cases, the 
cellular material can be either open cell or closed cell. Figure 5(c) & (d) shows the classic 
example of the structure of stochastic and periodic cellular material and shear modulus 
between stochastic and periodic cellular materials.  
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Figure 5. (a) Radical and (b) tangential section of cork as observed by Robert Hooke (1664). 
(c) Schematic illustrating the two predominant topologies exhibited by cellular metals; (d) a 
comparison of shear modulus 
The fundamental theories that influence the properties of the cellular materials are 
common to all three classes  [22] which are: 
I. The properties of the solid of which the cellular material is made; 
II. The topology and shape of cell edges and faces; 
III. The relative density,  ̃   ⁄ , of the cellular material, where  ̃ is the density of the 
cellular material and    is the solid density. 
2.2.2 Cellular Structures 
Most of cellular material can be defined as either bending-dominated or stretch-
dominated structures which based on the deformation of their cell walls either be 
bending or stretching [17].  Researchers have found that most of the foams, whether 
open on closed-cell is bending- dominated – a term that is explained more fully in a 
moment [22]. As a result, their stiffness and strength are much weaker than the stretch-
dominated structures, especially a fully triangulated. On the other hand, the stretching-
dominated structures are much more weight-efficient for structural application. This is a 
typical example shows the difference in two structures: under the same relative density 
(a) 
(b) 
(c) 
Stochastic Periodic 
(d) 
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0.1 constrain, the stiffness of the triangulated lattice is 10 times stronger than a low-
connectivity lattice [22].  
2.2.2.1 Bending-dominated structure 
A typical bending dominated structure is shown in Figure 6(a), this lattice structured 
material is formed by struts connected at joints, and it is classified as low connectivity 
joints. Its cell edges are bent by a load which caused by the topology of cells. The 
idealized unit cell of the open- and closed- cellular structure is shown in Figure 6(b). It is 
formed by solid struts surrounding a void space containing a gas or fluid. The ideal unit 
cell is modeled as a cubic array of members of length l a square section of side t. 
Adjoining cells are staggered so that members meet at mid-points [41]. This type of 
foam structures is characterized by their relative density as shown below: 
where  ̃ is the density of the foam.     is the density of solid of parent material, l is the 
cell size and t is the thickness of cell edges. 
 
Figure 6.(a) Open-cell foam; bending-dominated cellular structure [22]; (b) Idealised 3-
dimentional structure of open- and closed-cellular structure, modified from [41]. 
A classic compressive stress-strain curve of the bending-dominated structure shows in 
Figure 7. At low strains, the foam deforms in a linear-elastic way with modulus ̃ up to 
its elastic limit where the cell edges start to yield plastically, buckle or fracture; there is 
then a plateau of deformation at almost constant stress (the plateau stress ̃  ); and 
 ̃
  
 (
 
 
)
 
 
(5) 
Open cell face Closed cell face 
Cell edge 
(a) 
(b) 
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finally there is a region of densification as the cell walls crush into contact (the 
densification strain   ̃ ) and stress rise sharply.  
Figure 7. A compressive stress-strain diagram of bending dominated structure with 
important parameters [22].  
The collapse mechanisms of the bending-dominated structures are categorized into 
three phases which are bending-dominated behaviour, buckling-dominated behaviour 
and fracture-dominated behaviour [2], as shown in Figure 8.  
The bending dominated collapse mechanism happen as shown in Figure 8(a), when 
force exert on cell walls of the cellular material and exceed their fully plastic moment, 
equation below provide the failure strength  ̃   
 ̃  
 ̃   
 (
 ̃
  
)
 
 
                                 (6) 
The constant of proportionality has been determined both by experiment and by 
numerical computation; its value is approximately 0.3 [2].  
Elastomeric foams collapse not by yielding by elastic buckling, this buckling-dominated 
behaviour as shown in Figure 2(b). The elastic buckling stress shows in Equation (7), and 
a constant of proportionality as 0.05 have been determined [22] 
 ̃  
  
 (
 ̃
  
)
 
                                  (7) 
The fracture-dominated collapse mechanism appears when cell walls of foams under a 
bending moment which exceeds their limit and cause fracture as shown in Figure 8(c). 
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Equation (8) shows the critical plastic collapse stress which derived by replacing the 
yield stress  ̃    of the solid material to the modulus of rupture of a strut      with a 
constant proportional of about 0.2 
 ̃  
    
 (
 ̃
  
)
 
 
                                  (8) 
The densification is a purely geometric effects when stress rises steeply. It is caused by 
the opposite sides of the cells impinge, and further bending or buckling mechanism are 
not possible. Subsequently, the relative density is increase by the reducing of the 
volume of the foam. The estimation of densification point   ̃is summarized in Equation 
(9) [22]. 
  ̃    (
 ̃
  
) (
     
  
)⁄  (9) 
where         ⁄  is the relative density when structure locks up. The estimated result is 
0.6 which is supported by the extensive of experiments.  
 
Figure 8. (a) bending-dominated behaviour of foams which made of ductile materials 
collapse by the plastic bending of the cell edges. Metallic foams generally show this collapse 
mechanism; (b) buckling-dominated behaviour of foams which made of elastomeric material 
s collapse by the elastic buckling of cell edges. Polymeric foams commonly exhibit this 
mechanism; (c) fracture-dominated behaviour of foam collapse by the fracturing of the cell 
edges, Ceramic foams. Figure modified from [22]. 
Foams are usually used as an energy absorber for packaging, cushioning or impact, 
utilizing the long, flat plateau of their stress-strain curves. The approximation of total 
energy absorption per unit volume of foam as shown below: 
(a) 
(b) (c) 
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 ̃   ̃    ̃ (10) 
This bending-dominated behaviour also can apply to the closed-cell, based on the fact 
that the cell faces are very thin; the contribution of stiffness and strength is minimal 
from the buckle or rupture process. 
2.2.2.2 Stretch-dominated structure 
The majority of lattice assemblies are stretch-dominated structures usually possess 
higher structural efficiency than the bending-dominated structure. Maxwell’s stability 
criteria were used to explain the theory behind the stretch-dominated structure, for 
details refer literature[17]. The pin-joint frame under an external load is used to 
demonstrate the definition of stretch-stretch dominated structure as shown in Figure 9. 
 
Figure 9. The behaviour of the pin-joined frame under external load (a) folds up when loaded 
the member rotate about the joint and the frame collapse – it is a mechanism. If replaced 
with rigid joints, the members bend as Figure 8(a) shown – it turns into a bending-
dominated structure. (b) A horizontal member added it becomes stiff when loaded because 
the added transverse member carries tension. It is classified as a stretch dominated 
structure; [17]. 
 
Figure 10. A typical stress-strain curve of the stretch-dominated structure [22]. 
A typical stress-strain curve of the stretch-dominate structure is shown in Figure 10. The 
stretch-dominated structures exhibit greater modulus, and initial collapse strength 
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compares to the bending-dominated structure under the same relative density 
condition. This makes stretch-dominated cellular material the best option for 
lightweight structural applications. However, the deformation behaviour of struts 
involve tension and/or compression rather than bending, initial yield appear after the 
plastic buckling or brittle collapse of the struts, leading to post-yield softening [22], 
which makes the stretch-dominated structure inadequate for the use of energy 
absorption application; A stress-strain curve with long and flat plateau region is the ideal 
condition (bending-dominated structure). Densification happens at where the post-yield 
region ends, a stress rises steeply. The densification strain can be calculated as before 
by Equation (9). 
The collapse mechanisms in the stretch-dominated structure are summarized in four 
aspects, which includes stretch-dominated behaviour, plastic stretch dominated 
behaviour, buckling-dominated and stretch-fracture dominated behaviour. The 
following equations show the relative density to other moduli for the stretch-dominated 
structure. 
When tensile loads applied to the lattice frameworks, the structure first responds by the 
elastic stretching of the struts. On average, one third of its struts carry tension when the 
structure is loaded in simple tension, regardless of loading direction [22], The stretch-
dominated behaviour equation as shown in Equation (11). When the struts reach their 
elastic limit, they start to yield plastically, fracture or buckle. The strength of the 
structure is dominated by a strut which possesses the lowest strength. The same 
argument is adopted when the strut is plastic, buckling – dominated behaviour is shown 
in Equation (12). 
 ̃
  
 
 
 
(
 ̃
  
)                                    (11) 
 ̃  
    
 
 
 
(
 ̃
  
)                                             (12) 
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Buckling may occur before yield when the struts are slender, the buckling-dominated 
behaviour shows in Equation (13) which is driven from Equation (7). However, the 
magnitude of the constant of proportionality is different and it depends on the strut 
connectivity [22]. Also, the stretch-fracture-dominated behaviour is shown in Equation 
(14).  
 ̃  
  
 (
 ̃
  
)
 
                                   (13) 
 ̃  
     
 (
 ̃
  
)                                              (14) 
       is the tensile fracture strength of parent material of strut.  
 
Figure 11. Photo of the Ocetet-truss lattice [38]. 
2.2.3 Energy absorption property of cellular material 
An energy absorber is a device which absorbs energy. The essence of energy absorber is 
the ability to covert kinetic energy into another form of energy to reduce the peak force 
during the process of acceleration or deceleration to protect the good not being 
damage under this process. This energy conversion can be reversible as in the case of an 
elastic sponge, or irreversible, such as aluminum foam which dissipates energy and 
accompanies with the permanent deformation. Cellular materials are the most common 
form of materials used as an energy absorber everywhere in our life.   
There is an abundant of information in a research paper, books, technical guide and 
commercial filed as to the types, development, and uses of cellular material for various 
applications. To understand and develop the cellular materials it is necessary to study 
existing cellular materials to determine which will be ideal as a means of energy 
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absorbing, and whether such cellular materials will need to be modified. Usually, the 
primary aspect interests of cellular material selection are the energy absorbing capacity 
and efficiency. 
The efficiency of energy absorption parameter “Ed” which is given in literature [42] as 
followings: 
   
∫     
 
 
     
 (15) 
where “F” is the instantaneous applied load, the deformation distance “l”, this is the 
actual energy absorbed during the deformation process. The value of maximum applied 
load       multiplying the entire deformation   is known as the ideal energy absorption 
state. Furthermore, the energy absorption property could be improved with more 
regular cell structure [42]. After a few years, new manufacture techniques were 
descripted to crate various types of foams in four different categories: casting, metallic 
deposition powder metallurgy, and sputter deposition, and the advantage of metallic 
foams in various applications [43]. Metal foams have the greatest possibility to be used 
in energy absorption activities based on the research shown in last decades. 
 Topology optimization in cellular materials 2.3
Cellular materials are widespread in nature, it has low weight in combination with other 
special properties, and they become more important in the engineering applications. 
Typically, cellular materials in nature exhibit irregularity internal structure; the influence 
of these irregularities on the load bearing capacity, defect sensitivity and robustness is 
not well understood at present. In the production of man-made cellular materials, e.g. 
by foaming of plastics and metals, it is quite difficult to control the internal structure, 
and the arising irregularities strongly influence the overall mechanical behaviour. Thus, 
the properties of such materials are not well replicable. The use of rapid prototyping 
techniques, however, opens the possibility of building structures with exact, 
predetermined geometries at thigh spatial resolution. Defined irregularities may be 
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utilized to enhance the mechanical performance of such structures; disorder can reduce 
the directional sensitivity of stiffness and strength, or can increase the energy 
absorption capabilities. Then, a sound understanding of the dependence of properties 
of cellular structure on their internal architecture becomes more important; in 
particular, knowledge on the influence of the irregularities is desired. Hence, topology 
optimization methods were employed to design the architecture of cellular materials to 
optimized effective properties such as bulk modulus, shear modulus, and energy 
absorption, etc. As we know, the structural topology has a direct impact on the 
properties of cellular materials. It is very important to have the basic understanding of 
topology influences the cellular materials several research have been conducted to 
determine the elastic properties such as stiffness and thermal conductivity [44], thermo-
elastic [45], negative Poisson’s ratio [46] and fluid permeability [47, 48].  
The original optimization methods have been developed to identify the stiffest 
structural layout within the given volume constraint. The optimization methods include: 
Homogenization method [49], Solid Isotropic Material with Penalization (SIMP) [50-53], 
Level set method [54-56] , Evolutionary Structural Optimization Method (ESO) [57, 58] 
and Bidirectional Evolutionary Structural optimization method [59-61]. Theoretically, 
the effective physical properties at a specific point in the material can be homogenized 
by using the homogenization procedure according to its microstructure. The inverse 
homogenization procedure is to seek a microstructure of a material with external 
physical properties, and the microstructure of the material is represented by a periodic 
base cell [14]. The prescribed constitutive properties of the periodic cellular material 
can be obtained by tailoring the microstructure; this problem is formulated as an 
optimization problem where the periodic base cell is modeled with frame element [62] 
or solid elements [46, 63]. The design of micro-structural composite for extreme 
conductivity property or graded mechanical property have been investigated [64]   
Recently, the 3D periodic cellular structure (Schwarz Primitive) with optimum bulk and 
shear modulus within a given constrained volume have been determined by bi-
directional evolutionary structural optimization (BESO) methods [14].  
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Figure 12. (a) discretised unit cell, (b) optimized unit cell topology and (c) periodic cellular 
material formed from unit cell [65].  
Figure 12 shows the schematic diagram of the topology optimization for design of 
cellular material. Where Figure 12(a) shows the design domain of the unit cell, and a 
problem is raised as an optimization problem; optimized unit cell topology is developed 
from the optimization method to obtain most effective properties, as seen in Figure 12 
(b). Eventually, cellular material is formed form periodic arrangement of the unit cell as 
shown in Figure 12 (c).  
 Finite element modeling of cellular material 2.4
Nowadays, the majority of design and development of cellular materials are performed 
in the advance Finite element software packages which have become an invaluable tool 
due to the low financial cost, less time consuming and their powerful functions compare 
to the practical experiment. Moreover, as the increasing complexity of geometry of 
cellular materials, they deform and collapse in such an extremely complex mode which 
means the traditional analytical approach isn’t good enough to provide an accurate 
result. However, Finite element software can overcome this issue which provides the 
adequate with analysis result with the prediction of deformation pattern of the cellular 
materials. This section provides guidance on finite element analysis (FEA) modeling 
procedure, and the overview of finite element analysis (FEA) has been adapted to model 
cellular materials.  
A substantial amount of research and projects are stored in open resource which use 
FEA to solve the mechanical properties of cellular materials. A large portion of these 
research and projects contain practical experiment after the FEA of the cellular 
(a) (b) (c) 
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materials. The FEA results are used as a reference to assist the setup of the practical 
experiment. Experimental results are used to validate the FEA model to ensure the FEA 
model provide sufficient accuracy. Subsequently, the validated FEA model can be used 
to perform parametric studies by alternating the geometry of the model or loading 
conditions to determine the mechanical properties of cellular materials under various 
parameters and to optimize the model. 
The FEA software operates applying either an implicit or explicit analysis method. The 
fundamental theory behind these two methods will be elaborated in the following 
section. The explicit solvers allow simulation of the extremely complex response of 
cellular materials under dynamic impact or quasi-static loads. [9, 12] used the ABAQUS 
Explicit solver to model the axial impact load and uniaxial compression load. Taking 
account of model symmetry, only one quarter of the specimen needs to be modeled 
which reduce the number of degree of freedom and hence computational time. The FEA 
models, which were validated using quasi-static and dynamic impact experimental tests, 
could successfully simulate the compressive response of the cellular structure.  
This section provides the detailed fundamental theory of finite element modeling of 
cellular materials. These theories will be demonstrated in the later chapter within this 
thesis.  
2.4.1 Linear and non-linear modeling 
Generally, any structural problems in FEA model can be defined in either linear or non-
linear [66]. A linear FEA analysis is adopted when a structure is to behave linearly; it 
means the stress is proportional to the strain and structure will return to its original 
configuration once the load has been removed. A non-linear FEA involves the non-linear 
behavior of the material, contact in assemblies and geometric nonlinearity. In reality, 
the majority of structures exhibit non-linear behavior; linear analysis is only inadequate 
simple structural analysis. The plastic deformation is considered as Non-linear FEM 
model. However, the larger deformation that can be fully recovered after the removal 
of the applied load also belongs to nonlinear FEM model. So, it is good for the 
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approximation of the structure’s true behavior. The deformation behavior of the cellular 
material is a non-linear process. This nonlinear behavior was addressed in the FEA 
modeling of cellular materials in this thesis. 
 
Figure 13. A Classic example of geometry nonlinearity (a) fishing rod before loaded (b) 
fishing rod dramatically deflect after load applied. 
There are basically three types of non-linearity: material nonlinearity, geometry 
nonlinearity, and contact non-linearity. Geometric nonlinearity is caused by large 
deflection in the structure. This large deflection causes secondary effects which are 
called “P-Delta”, a classic example is shown in Figure 13. Material nonlinearity is where 
the material properties are dependent on the strain which means the stress-strain 
relationship is nonlinear, such as stresses in metal after yield stress. Figure 14(a) and (b) 
shows the stress-strain curve of both linear and nonlinear material behavior. Contact 
non-linearity only appears when two bodies come into contact or out of contact with 
each other and contact condition change during the analysis as shown in Figure 14(c) 
 
Figure 14.(a) typical stress-strain curve of the nonlinear material behaviour; (b) linear 
material stress-strain curve; (c) Nonlinear contact between two bodies. 
The single system of equations which is used to solve linear analysis cannot be used for 
non-linear analysis. Thus, the Newton-Raphson method is commonly adopted to solve 
(a) (b) 
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nonlinear problems in FEA. The solution is found by gradually applying the specified 
loads incrementally over time, thus working towards the final solution. The simulation is 
broken into a number of load increments, and the approximate equilibrium solution is 
found at the end of each load increment. The sum of all the incremental responses is 
the approximate solution for the nonlinear analysis.  
The real relationship between load and displacement shown with the yellow dotted line 
in Figure 15 is not known in advance. Consequently, a series of linear approximations 
with corrections is performed. The total load    is applied in iteration 1. The result is   . 
From the displacements, the internal forces    can be calculated. If      , then the 
system is not in equilibrium. Hence, a new stiffness matrix is calculated based on the 
current conditions. The difference of       is the out-of-balance or residual forces. 
The residual forces must be less than the pre-set tolerance for the solution to converge. 
This iteration process is repeated until       and system become equilibrium with a 
converged solution [67].  
 
Figure 15. Newton Raphson Method iteration example. 
2.4.2 Static analysis and dynamic analysis 
Abaqus is a series of greatly versatile and powerful engineering simulation programs 
that can simulate problems in such diverse sectors as structural analysis, vibration 
analysis, heat transfer, coupled thermal-electrical analyses, acoustics, soli mechanics 
and acoustic-structural coupling.  FEA operate using dynamic integration operators 
which are broadly characterized as either implicit or explicit. 
The Abaqus implicit solver is more efficient for solving simple nonlinear problems; on 
the other hand, the explicit solver is used in complex propagation analysis. However, 
Newton-Raphson Method 
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there are certain static or quasi-static problems that can be simulated well with either 
program. These problems usually solve with Abaqus/standard implicit solver but may 
experience difficulty covering due to the complexities of contact between element and 
material, resulting in a large number of iterations. Such analyses are expensive in 
Abaqus implicit solver because each iteration requires a large set of linear equations to 
be solved. It must iterate to determine the solution to a nonlinear problem. Whereas, 
Abaqus explicit solver can determine the solution without iterating by explicitly 
advancing the kinematic state from the previous increment. Even though a given 
analysis may require more time increments using the explicit solver, the analysis can be 
more efficient in Explicit if the same analysis in implicit requires many iterations. 
The solution of high-speed dynamic is highly dominated by inertia effect which should 
be solved in the Abaqus explicit solver to reduce cost. Also, the explicit dynamic 
methods are also suited for the modeling quasi-static events where structure 
experience large deflection with complex geometry and post-buckling problems where 
the stiffness of structure changes dramatically as the load applied. It can also be used 
for transient dynamic analysis such as structure subject to impact loads and which 
encounter complex self-contact interactions. In general, most of the cellular materials 
involve these phenomena as they deform to absorb energy in impact or quasi-static 
loading conditions. Therefore, Abaqus/Explicit version R6.13 is used to model the 
response of cellular material under nonlinear loading in this thesis. 
Abaqus Explicit solver uses a central difference integration scheme to integrate the 
equations of motion explicitly through time, using the kinematic conditions at one 
increment to calculate the kinematic conditions at the next increment. Out-of-balance 
force is propagated as stress waves between neighboring elements, and the dynamic 
equilibrium is solved at the beginning of each increment [68]. This allows the nodal 
acceleration at the beginning of each increment to be determined. The explicit 
procedure always uses a diagonal or lumped mass matrix, such that there are no 
simultaneous equations to solve. The acceleration of a node is determined only by its 
mass and the net force acting on it, such that nodal calculations are very inexpensive. 
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Knowing the accelerations, the velocity and displacement of each node can be 
determined explicitly through time. “Explicit” means that the state at the end of the 
increment is based solely on the displacement, velocities, and accelerations at the 
beginning of the increment. Whereas a program using the implicit procedure must 
iterate to determine the solution to a nonlinear problem, the explicit procedure allows 
the solution to be determined without iterating, by explicit advancing the kinematic 
state from the previous increment.  
The dynamic FEA formulation is expressed by the following matrix set of non-linear 
equation: 
   ̈      
     (16) 
which expresses the dynamic equilibrium condition at the instant of time. Where M is 
the mass matrix,  is the stiffness matrix,   is the primary variable,         is the 
vector of internal forces resulting from the stiffness, and   is the generalized force 
vector [66].  
Time increment is one of the most significant factors in an explicit procedure which 
need to be determined to obtain accurate results. The time increments must be 
adequately small to ensure the acceleration is close to constant over increments. 
Usually, any explicit analyses involve thousands of increment due to their relatively 
small size. As discussed in earlier, the accurate solution is obtained only when the time 
increment ∆t is less than the stable time increment ∆tmin, if          which results 
unstable and oscillations solution. The stability limit can be defined in terms of the 
highest eigenvalue in the model       and the frame of critical damping   in the highest 
mode as equation below [68] : 
      
 
    
 √        
(17) 
The stable time increment can also be expressed as below: 
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(18) 
Le and Cd are the characteristic lengths of element and dilatational wave speed.  
Abaqus Explicit solver provides two types of time increment, automated time increment 
and fixed time increment. Automated time increment was adopted for the FEA in this 
thesis. For further detail of time increment refer to literature [68]. 
2.4.3 Elements 
Element selection is one of the most important steps in FEA. ABAQUS provides a wide 
range of elements for different geometries and analysis types. The most commonly used 
element families include Continuum elements, Shell elements, Beam elements, Rigid 
elements, Membrane elements, Infinite elements, Connector elements and Truss 
element which are shown in Figure 16. Solid, shell and rigid elements have been used in 
this study to model the cellular material.  
 
Figure 16. Commonly used element in stress analysis in ABAQUS [66]. 
The solid elements can be used for linear analysis and complex nonlinear analyses, 
which involve contact, plasticity and large deformation. Also, both first-order (linear) 
and second-order (quadratic) interpolation are available for solid elements. The 
quadrilateral, triangular, hexahedral and tetrahedral elements are two and three 
dimensional solid elements for 2D and 3D FEA. Generally, the use of hexahedral 
elements is recommended for the 3D modeling of continuum solids whenever possible. 
The shell element should be used when the thickness of the modeled part is less than 
1/10 of a typical “Characteristic length” of the part, such as the height. Also, shell 
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elements can be used as opposed to slid elements when the material behaviour across 
the thickness of the element is no important. The shell element is developed based on 
shell theory that approximates a thin 3D continuum using a 2D formulation. Only linear 
interpolation is available in shell elements.  Also, both triangular and quadrilateral shell 
elements with linear interpolation are available in ABAQUS [66]. Both reduce integration 
solid and shell elements are also suitable for modeling of the 3D periodic cellular 
structure, as shown in Figure 16. 
The rigid element is a collection of points of which their motion is governed by the 
motion of a single reference point. This means that a part of the body that can’t deform 
can treat as a rigid body, which is computationally very efficient [66].The FEA model in 
this study requires solid top and bottom platen, therefore rigid elements are assigned to 
both platens. 
2.4.4 Material properties in FEA 
The material library in ABAQUS offers comprehensive coverage of linear and nonlinear, 
isotropic and anisotropic material behaviours. Each material definition can contain any 
number of material behaviours. Material with plasticity has been used in this thesis. The 
material plasticity model requires the plastic material properties to be assigned as part 
of the material definition of a physical part to be modeled. Plasticity and linear elasticity 
properties were assigned to the material which is used in this thesis. Thus, Young’s 
modulus, passion ratio, density, yield strength and tangent modulus were assigned to 
the material. These parameters allow the material exhibit better elastic-plastic 
behaviour and result in FEA.    
Cellular materials possess excellent mechanical, physical and thermal properties 
compared to solid materials. The properties of cellular materials rely on their solid 
distribution within the structure.  Cellular materials widely exist in nature. Honeycombs 
and metal foams are the most common artificial cellular materials used in our daily life, 
which is replicated from nature [2]. Energy absorption, compressive strength, bulk 
modulus and shear modulus of the cellular material constitute key parameters in 
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representing the mechanical properties of cellular materials. Cellular materials are 
widely used as an energy absorber in the form of packaging foams to protect products 
from server severe acceleration and deceleration in collision or impact events[1, 3].  
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3. Development of Finite Element Model for Uniaxial and 
Hydrostatic Loading 
Both uniaxial and hydrostatic loading prototype models are developed in this section. 
The setup of geometry, mesh, element, material, boundary condition and contact 
algorithm of FEA model are specified in this section. Also, both mesh density and base 
cell size convergence check are conducted.  The numerical analysis is conducted in the 
commercial FEA software, Abaqus. Also, the flow chart of analysis procedure in Abaqus 
is shown in Figure 17. 
 
 
Figure 17. The flow chart of solving nonlinear dynamic FEA model in Abaqus. 
 Create/Import Geometry 
Input Materials Properties 
Define Partition and Geometry 
Parts Assembly; Define Parts Interaction 
Property, Select Interaction type and Surfaces 
Define Boundary Condition and Input Pre-
defined Field Data 
Assign Element Type and Size to Part and 
Generate Mesh 
Crete Job, Define Field Output Request and 
Generate Job for Analysis 
FEM Output 
New Model Analysis 
(Modify Geometry and 
Boundary Condition) 
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 Geometric modeling 3.1
The 3D cellular materials with periodic microstructure were modeled in ABAQUS. It is 
necessary to build a periodic unit cell first to generate a complete cellular materials. 
Under the modeling process, a unit cell was equally split into eight identical segments 
along its principle planes.  A segment was modeled and patterned to form the unit cell; 
the unit cell was then duplicated along three principle axes to form cellular materials. 
This modeling process is shown in Figure 18.  
 
Figure 18. Typical 3D periodic cellular structure modeling process used in this research.  
Parametric studies were performed in this research. Four geometries with dissimilar 
structural topologies were selected as representative models to study their compressive 
deformation behaviours, which include Schwarz Primitive, Square, Round and Diamond 
cellular structures as shown in Figure 19. These structures have a thin wall with a hollow 
core configuration. The curvature and wall thickness were constant within each 
structure by duplicating the unit cell (10x10x10mm) in three principle axes, which 
formed the periodic cellular structure. The geometric details of each structure adopted 
for the following studies are listed in Table 2. 
Step -1 Step -2 Step -3 
Step -4 Step -5 Step -6 
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Table 2.  The summary of periodic cellular structure which studied in this research. 
Name 
Type of 
Structure 
Overall 
Dimension 
Unit Cell 
Dimension 
Wall 
Thickness 
Total Mass Density 
Schwarz Primitive 3D periodic 40Lx40Wx40H 10Lx10Wx10H 0.61mm 81.5g 1273kg/m
3 
Square 3D periodic 40Lx40Wx40H 10Lx10Wx10H 0.53mm 87.0g 1395kg/m
3
 
Round 3D periodic 40Lx40Wx40H 10Lx10Wx10H 0.62mm 86.0g 1344kg/m
3
 
Diamond 3D periodic 40Lx40Wx40H 10Lx10Wx10H 0.52mm 86.0 1344kg/m
3
 
 
 
Figure 19. Structure of cell with different cell topologies including :(a) Schwarz Primitive, (b) 
Square, (c) Round and (d) Diamond. The pictures on the left of each image show the three 
dimensionally repeated unit cells, while the pictures on the right of each image represent a 
unit cell of the structure. 
 
The convergence check was conducted to determine the appropriate number of the unit 
cells for cellular materials. This is an important step as the financial cost of a 3D printed 
model is determined by its size, which means a smaller structure could be adopted in 
this and any future studies under the premise of not affecting the accuracy of results. 
The best way to do this is to conduct numerical FE analysis.  The typical FEA procedures 
constitute 3D geometric modeling, meshing, assignment of boundary condition and 
materials, and selection of analysis solver. These procedures will be described in detail 
in following sections.  
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 Figure 20 shows the comparison of the stress-strain curves for cellular materials with 
1x1x1, 2x2x2, 4x4x4 and 8x8x8 unit cells under uniaxial compression. These materials 
exhibit a similar compressive behaviour in an earlier stage of elastic region. The stress-
strain curved deviate from the elastic region around 0.5%. These dissimilar compressive 
responses are caused by the deformation of adjacent cells to the platens, which are 
constrained by the displacement of the platen. Thus both top and bottom cell shows a 
better stiffness than the inner cells [11]. As a result, the loading condition dominates the 
response of the cellular structure when the number of periodic cells is small.  
The 4x4x4 and 8x8x8 cellular structures show a similar compressive behaviour over the 
entire deformation process under the same element density criteria, the size of the base 
cell has a direct impact on the computational time. It is always interesting to determine 
the minimum number of unit cells without compromise the accuracy of the result to 
save computational time and financial cost on manufacturing. Thus, the cellular 
materials with the 4x4x4 periodic unit cell are adopted as the reprehensive structure 
configuration in following studies.   
 
Figure 20. Base cell size convergence check showing a comparison among the sizes of base cell on 
the Schwarz Primitive structure. 
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Nowadays, most 3D geometries can be automatically meshed into a quadratic or 
tetrahedron elements by the FEA mesh generator. Regardless of evolutions in 
technology, mesh generation is one of the most difficult, time-consuming and error-
prone tasks in FEA. In recognition of this issue, a large number of methods have been 
devised to automate the mesh generation. Usually, elements produced by an 
automatic mesh tool are not well shaped and unstructured, in which case it is useful to 
apply mesh-smoothing techniques or manually mesh individual segment to improve the 
quality of mesh. The accuracy of the result is directly affected by the density and 
conformity of the mesh.  A mesh composed of triangles or tetrahedral elements can 
easily be made conforming, but not with quadrilaterals or hexahedron elements, as it 
becomes more difficult to minimize the generation of distorted elements. Additionally, 
a mesh must accommodate changes in element sizes from region to region [69]. The 
mesh generation methods, automatic or not, usually involve the following approach: 
mesh smoothing, topology decomposition, node connection, grid – based, mapped 
element, conformal mapping, and geometry decomposition [69]. The decomposition 
approach technique is applied to resolve the complex geometries, which are 
investigated in this study.  
The selection of whether to use a structured mesh or an unstructured mesh plays a 
significant role in most of the FEA study. In general, unstructured mesh generation is 
usually faster than structured mesh generation. However, the structured mesh 
computation generally takes less CPU time than an unstructured mesh because the 
existing algorithms are more efficient. Moreover, the structured meshes generally 
provide a more accurate result. Figure 21 shows the structured and unstructured mesh 
comparison of one eighth of the Schwarz primitive structure in the same seed size.  The 
number of elements of the unstructured mesh is approximately nine times more than 
that of the structured mesh. As a result, longer computational time is required. 
Accordingly, the structured mesh was adopted in the following studies. 
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Figure 21. Structured and unstructured mesh comparison of one eighth of the Schwarz 
primitive structure. 
The 3D periodic cellular structures in this research exhibit complex structural topology. 
Thus, the automatic mesh topology method would not be suitable for use. The 
structures have to be manually split into the minimum identical segments to generate 
an adequate structured mesh. One eighth of a unit cell was split into six identical 
segments along three planes, and virtual topology was used to assist the generation of 
structured mesh. After each segment was meshed, pattern function was applied to 
create a structured mesh model.  The typical procedure for the generation of structured 
mesh model is shown in Figure 22. 
 
Figure 22. The procedure of structured mesh model generation. 
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3.2.2  Elements 
The selection of element is critical in FEA. The difference of each element type had been 
detailed in the previous chapter. Both shell and solid elements are suitable for this 
research. The comparison between these two elements against the practical result was 
conducted to determine the optimum element type for this research. It was found that 
the solid element (hexahedron) demonstrated a better result over the shell element. 
Additionally, previous research of FEA on thin wall structures under uniaxial 
compression showed that the solid element exhibits a better accuracy of result and 
deformation pattern than the shell element compared with the experiments [70, 71]. 
Thus, the hexahedron element was assigned to all periodic cellular structures in this 
study. 
Generally speaking, the accuracy of the result follows the increase of element density 
and the element density has a direct negative impact on the computational time, which 
means the higher computational cost involved.   Therefore, the right element density 
should be determined on each FEA. As a rule of thumb, the element density should be 
chosen that will not cause a dramatic improvement in results, and results tend to 
converge.  
Also, the hourglassing effect may appear in this study, when reduced integration 
element is used in the Abaqus/explicit solver. It can’t detect the strains at the 
integration point under the bending deformation which will cause incorrect results. 
However, this effect can be significantly reduced by using more layers of elements 
 
Figure 23. Unit Shell and solid model of the Schwarz Primitive structure. 
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through the thickness at where experiencing bending load. The default hourglass 
control is applied for FEA to minimize the hourglass effect in this study.  
 
Figure 24. Unit cell of Schwarz primitive structures in various element density. 
The unit cell of Schwarz primitive structures in different element densities are shown in 
Figure 24.  The number of elements across the thickness follows the increase of element 
density. Dissimilar results appear on a single layer of element, which may be caused by 
the hourglassing effect. The increase of layers of elements across the thickness leads to 
the similar structure compressive response and also minimizes the hourglassing effect. 
The element density convergence checks were conducted and resulted shown in Figure 
25. It can be seen that the results tend to converge in higher element density and 
approximately 160,000 elements on a 4x4x4 model are assigned to three layers across 
the thickness direction which is used in this study.  
 
Figure 25. Element density convergence comparison on Schwarz Primitive structure. 
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3.3.1 Uniaxial compression 
Due to the symmetries, a quarter of the 3D periodic cellular structure was simulated 
under uniaxial compression between the top and bottom platens, with symmetrical 
boundary conditions in both X and Z principle axes to reduce computational time. A 
fixed support was added to the bottom platen to prevent movement under the 
compression process. A displacement loading was assigned to the top platen. To avoid 
the penetration at contact points, automatic surface contact algorithms were applied to 
the surfaces of the 3D periodic cellular structure. Figure 26 shows the typical setup of the 
uniaxial compression model. 
 
Figure 26. Typical setup of uniaxial compression FEA model with fully assigned boundary 
conditions. 
Since the quasi-static condition was applied to the FEA model, the inertial effects should 
be ignored from the FEA result using ABAQUS/Explicit. Literature [12, 72] has 
successfully applied the controlled velocity method to ensure quasi-static loading in an 
explicit code. A similar procedure was adopted in this study. The control velocity 
equation is: 
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  ) 
(19) 
where   and t are the displacement velocity of the top platen and time, respectively. 
The      and   are the total displacement of the top platen at the end of the 
simulation and the total simulation time, respectively. 
3.3.2 Tri-axial(Hydrostatic) Compression 
The similar boundary conditions were used in all tri-axial compression FEA models, 
where one eighth of the 3D periodic cellular structure was modeled and set among 
three compression platens. The symmetry boundary conditions were applied to three 
principle axes, and therefore no fixed support was required. Displacement loads in three 
directions were assigned to the three platens under the quasi-static conditions. The 
same contact algorithm was used as per the uniaxial compression model. Figure 27 
shows the typical setup of the tri-axial (hydrostatic) compression model. 
 
Figure 27. Typical setup of hydrostatic compression FEA model with fully assigned boundary 
conditions. 
 Material properties 3.4
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Material property is another critical factor that requires consideration in FEA. The 
correct material property must be assigned to each model’s component within the 
simulation. FEA software usually provides pre-set material in its database for user 
convenience. Materials not included in the database have to be manually inputted. This 
study will investigate the energy absorption and mechanical properties of specimens 
with large deformation in both uniaxial and tri-axial compression tests. Therefore 
ductile material was adopted in FEA.  The most common ductile materials include 
copper, aluminum, silver, platinum, steel, brass, etc. Brass was used as the raw material 
of the cellular structure in this study. Since such a ductile material can be used for the 
fabrication of 3D cellular structures through the 3D printing technology. Brass is a metal 
alloy mainly made of copper and zinc with other elements, and its properties are slightly 
varied accordingly.  The mechanical properties of brass are summarized in Table 3.   
Table 3. Typical properties of brass in various chemical compositions. 
 Average Value ± 
Error 
Young’s modulus (GPa) 86.76 ± 20.36 
Yield strength (MPa) 140.34 ± 89.64 
Density ( kg/m3) 8720 ± 200 
Strain hardening modulus 
(GPa) 
1.65 ± 0.61 
 
Generally, the behaviour of the material can be classified into linear and non-linear. 
When material experiences small deformation and coming back to their original shape 
upon removal of the load, the linear material behaviour is assumed in FEA.  However, 
the majority of material in our everyday lives exhibit nonlinear behaviours, including 
brass, which is used as a raw material in this study and this same material behaviour 
was inputted in FEA. When the material has been loaded beyond its yield strength, it 
remains permanently deformed after unloading. This is called elasto-plastic behaviour, 
which is extremely useful for energy absorption.    Bilinear and multi-linear are the most 
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common ways to characterize material behaviours in FEA. The bilinear stress-strain 
curve is used as an approximation to the more realistic multi-linear true stress-true 
strain curve with no cyclic loading exerted on the specimen. Thus, bilinear isotropic 
hardening was adopted in FEA. The mechanical properties of brass in FEA are 
summarized in Table 4. 
 
Table 4. Mechanical properties of Brass used in this FEA study 
 Value 
Young’s modulus (GPa) 70.00 
Yield strength (MPa) 220.00  
Density ( kg/m3) 8720  
Strain hardening modulus 
(GPa) 
1.65 
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4. Experimental Investigations and FEA Model Validation 
This chapter will describe the manufacturing process of the specimen, experiment 
procedure, and analysis of experimental and FE results. The purpose of this experiment 
is to verify the results from the FEA model. Once the FEA model is validated, the 
parametric studies can be undertaken based on this model. 
 Manufacture process of specimen 4.1
The Schwarz primitive cellular structures were manufactured by a 3D-printer with brass, 
which contained 80% copper, 15% zinc and 5% Tin. The specimen was manufactured by 
Shapeways Ltd in USA. The 3D printing is one of the most sophisticated methods used in 
creating the thin wall cellular structure. The fabrication is a complicated process and 
briefly described as below. First, the model is printed in wax using a specialized high 
resolution 3D-printer. Then these wax moulds are placed in a container, which is filled 
with liquid plaster. Once the plaster sets, the wax is melted out in a furnace and the 
remaining plaster becomes the mould. Molten brass is poured into this mould and 
hardens. Once the brass turns to solid state, the plaster can be broken away. A 
schematic diagram of 3D printing and precision metal casting process is shown in Figure 
28.  
 Description of specimens 4.2
The visual observation of two specimens shows that the structural integrity of both 
specimens is adequate, no cracks, dints or pin holes were found. All cut out and voids 
are in good shape and no additional connection was found from the internal parts of 
specimens. The geometry of both specimens is in the square, no skew or distortion was 
determined by the inspection. The measuring process was performed to check the unit 
cell dimension and overall dimension of specimens. It was found that the length, width 
and height of the unit cell is close to 10x10x10mm and overall dimension of both 
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specimens are 40x40x40 mm. The wall thicknesses of both specimens are close to 
610micron which is slightly off.  
However, there are two imperfections determined from specimens, surface finish and 
inconsistence weight between specimens. The unsmooth surface finish shows in both 
specimens as shown in Figure 29(b), which may be caused from the casting process. 
However, there is a slight difference in mass, with one specimen weight 80.9g and the 
other 86g, which amounts to be approximately 6.3% in difference in mass. This issue 
may also be from the casing process. Overall, the specimens are in consistence with the 
CAD model and they can be used in the following studies.  
 
 
Figure 28.Typical precise 3D model fabrication process; Schematic diagram of the 3D printing 
process and the casting process, figure modified from [73]. 
3D Printed wax 
model 
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Figure 29. (a) Schwarz primitive 3D printed cellular structure specimen with a dimension of 
40mmW x 40mmH x 40mmL and a wall thickness of 0.61mm. (b) The detail of surface finish of 
specimen. 
 Uniaxial compression test set-up 4.3
The Schwarz primitive specimens were tested under uniaxial compression loading, to 
determine their energy absorption characteristics and validate the FEA model. 
Uniaxial compression test was conducted on an electronically controlled MTS 
(Eletromechanical Test System) with a 100KN loading cell. The specimens were 
compressed at constant displacement between two steel plates. Force, time and 
displacement were recorded during the test and used for data elaboration. The 
maximum top platen was chosen to obtain a maximum specimen compression of about 
75% the original thickness. The actuator speed was fixed at 3mm/min, giving a specimen 
strain rate of 0.00125s-1. The resulting output was set to 200 data points per second.  
The specimen was placed on the bottom platen as shown in Figure 30 & Figure 31. A 
level was used to ensure that the specimen was placed parallel to the top and bottom 
platen. A grooved bottom platen was used to maximize contact friction and avoid 
slipping while testing. Prior to the commencement of testing, the cross head was moved 
as close as possible to the top of the surface of the specimen. Upon testing 
commencement, the cross head moved downward and crushed the specimen until the 
(a) (b) 
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strain reached the pre-set limits. Two identical experiments were conducted for the 
above two almost identical specimens to verify the consistency of results. The force and 
displacement were measured and plotted. 
 
Figure 30. Experimental setup for the uniaxial compressive test on the Schwarz primitive 
structure. 
 
Figure 31. The specimen is placed on the MTS machine ready for a uniaxial compression test. 
The purpose of the uniaxial compression tests was used to verify the FEA solutions 
through comparing their force-displacement curves. Meanwhile, the deformation 
patterns of the Schwarz primitive cellular structure were also investigated. 
Top Platen 
Bottom Platen 
Specimen 
Load cell 
Displacement 
Cross head 
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 Experiment results 4.4
Force and displacement output were obtained from the MTS Eletromethcanical Test 
System. The force-displacement curve is shown in Figure 32(a). Similar to other cellular 
materials, the overall compressive behaviour can be summarized by a steep elastic 
region up to the compressive strength, a steady plateau collapse region up to the 
densification, and a densification region with a sharp increase of force over 
displacement. The curve also shows a remarkable constant compressive force over a 
long stroke, which symbolizes an ideal energy absorption feature. The compressive 
stress and strain can be calculated from Equation (20) and (21), and shown in Figure 32 
(b).   
 
Figure 32. Uniaxial compressive experiment result of Schwarz primitive cellular structure. 
(a). A typical force-displacement curve with three regions for Schwarz primitive structure. 
(b). the illustration of using energy efficiency method to determine compressive strength and 
calculate plateau stress, densification strain and energy absorption capacity. 
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The nominal compressive stress (σc) and strain (ɛ) are determined by using the 
equations below [66] 
   
 
  
 
(20) 
  
 
 
 
(21) 
where   and    are the applied load and the effective cross-sectional area of the 
specimen, respectively. The   and   are the total displacement of the machine top 
platen and the original height of the specimen, respectively.  
 
Figure 33. The definition of overall length and width of the specimen. 
The effective cross-sectional area of specimen in this study is determined by equation 
        (22) 
where (L) and (W) are the overall length and width of the specimen which is shown in 
Figure 33.  
The uniform deformation is shown in the elastic region before it reached compressive 
strength. Plastic collapse mechanism occurs after yield follows by the wall cell buckling 
which stops at where the densification point, the internal cell walls were fully in contact. 
Further deformation leads the model to become compact as shown in Figure 34. Based 
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on these results, the Schwarz primitive structure can be classified as a bending-
dominated structure with buckling-dominated behaviour.  
Two identical specimens were tested under the same circumstances, both experiment 
results exhibit good consistence and only minor deviation appear after 0.35 of strain to 
the end to the test.  Overall, no significant discrepancy shows in both experiment results 
and therefore which can be used to validate the finite element model. 
 
Figure 34. Force-displacement curve of the experiment results with model deformation 
pattern. 
The stress-strain curve was generated from the force-displacement curve, and a typical 
stress-strain curve is shown in Figure 32(b) together with the illustration of energy 
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efficiency method to calculate densification strain, plateau stress and energy absorption 
capacity. The compressive strength is taken at the intersection of two slopes. The 
plateau stress    , is determined by the energy efficiency method [74, 75]. It is more 
advance and accurate to be sued as the stress level during energy dissipation process.  
The energy absorption efficiency   of the cellular structure at a particular strain,    
Where the    is the stress at   . The densification strain    is defined as the maximum 
value of    which satisfies the condition of maximum efficiency.  
The plateau stress     is determined from literature [75] as shown in Equation (25)  
Where    is the strain at yield corresponding to the start to the plateau region [75]. The 
densification strain indicates the commencement of densification region which the 
stress starts rising steeply and physically to the end of compression of all large voids in 
the material. From here on, the Schwarz primitive structure can still dissipate energy by 
continuous plastic deformation. However the energy absorption efficiency will start to 
decrease as shown in Figure 32(b).  
 FEA model validation 4.5
The energy absorption and other mechanical properties of the Schwarz primitive 
structure under uniaxial compression load were validated. The experiment was 
presented to verify the FEA results. Also, the development of the hydrostatic model 
based on the validated uniaxial compression model.   
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When compared with the 4x4x4 unit cells experimental results on the average level, the 
stress-strain of Schwarz primitive structure from FEA simulation agreed well with that 
from the experiments in general trend and overall characteristic. The uniform 
deformation behaviour is exhibited in the entire linear region of the specimen; when 
the deformation turns into the plateau region and becomes inelastic with permanent 
deformation followed by the densification region until specimen becomes compact, as 
shown in Figure 35 & Figure 36. Moreover, the curve shows a fairly constant 
compressive force over a long stroke, which represents an ideal energy absorption 
feature. Overall, the FEA result well agrees with the experimental results. The model can 
be used for the following parametric study. 
 
Figure 35. Comparison between the FEA and experimental results for 4x4x4 unit cells 
Schwarz primitive structure. 
 
 
Figure 36. Comparison between experimental and FEA results of 4x4x4 unit cells Schwarz 
Primitive structure deformation responses. 
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5. Parametric Studies and Discussion 
In this section, the specific energy absorption, compressive strength and bulk modulus 
of 3D periodic cellular structures were investigated and compared via the uniaxial and 
tri-axial (hydrostatic) compressive simulation which based on the validated FEA model; 
Results were discussed in the following.  
 Energy absorption of Schwarz primitive structure in various 5.1
density 
The energy absorption per unit volume of Schwarz primitive structure with various 
densities under quasi-static loading was investigated by FEA. The wall thickness was 
varied from 0.1mm to 0.75m, but the topology of the structure remained unchanged. 
The result shows no significant differences apparent at the early stage of the elastic 
region the stress-strain curve deviates at around 0.5% as shown in Figure 37(a). It also 
shows that an increase in wall thickness (relative density) results in a better compressive 
strength, which also means a bigger energy input is required to initiate the plastic 
deformation in the elastic region. Also, the plateau region becomes shorter due to the 
space in between the cell wall, in the transverse direction, reducing as a result of an 
increase in wall thickness. Additionally, the densification strain is brought forward by 
the increase of relative density.  
The energy absorption per unit volume (WV) of the cellular specimens is estimated using 
the following equation 
   ∫  
  
 
       
 (26) 
 
where    is the nominal strain at densification, wherein the stress rises steeply in the 
stress-strain curve and σ(ε) is the nominal stress. 
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It is interesting to see the relative density effect on the mechanical properties of the 
cellular structure under the identical structural topology. The calculated results are 
summarized in Table 5 and shown in Figure 37(b). It was found that the specific energy 
absorption capacity of the Schwarz primitive cellular structure is significantly affected by 
the relative density and the number of unit cells. The increase of in relative density 
results in larger energy absorption per unit volume (WV) and compressive strength. 
 
(a) 
 
(b) 
Figure 37. (a) Stress-strain comparison of uniaxial compression test of Schwarz Primitive in 
varied thicknesses (b) The energy absorption per unit volume of Schwarz Primitive structure 
with different relative densities. 
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Table 5:  The comparison of brass Schwarz Primitive periodic cellular structure in varies 
thickness under uniaxial compression test. t is the thickness of the cell wall, ρr is the relative 
density, Wv is the energy absorption per unit volume, σy is the compressive strength, and εd is 
the densification strain. 
t(mm) ρr Wv(kJ/m
3) σy(MPa) εd 
0.1 0.02 285 0.21 0.48 
0.2 0.05 1,246 1.14 0.48 
0.3 0.07 2,805 2.48 0.47 
0.35 0.08 5,915 4.72 0.47 
0.45 0.11 10,218 6.71 0.45 
0.61 0.15 17,273 10.6 0.43 
0.75 0.18 25,777 15.3 0.40 
 
 3D periodic cellular structures under uniaxial compression load 5.2
As our interest was in the energy absorption property of the Schwarz primitive structure, 
another three different types topology of periodic cellular structures were introduced in 
this study as shown in Figure 19 and comparison were made among specimens.   
The uniaxial compression test results of 3D periodic cellular structures were shown in 
Figure 38. Specimens exhibit similar compressive response under the linear elastic region, 
deviation forms at approximately 0.5% of strain and a smooth transition appears 
between the linear elastic and plateau region. Various lengths of plateau region were 
apparent on result up to densification strain. Since deformation passed the densification 
strain, stress increased steeply due to the compactness of the specimen caused by the 
contact between cell walls. Results comparisons were listed in Table 6. 
Table 6. Comparison of the mechanical properties of brass 3D periodic cellular structures under 
uniaxial compression, where   is the thickness of the cell wall, ρr is the relative density, Wv is 
the energy absorption per unit volume, σy is the compressive strength, and εd is the 
densification strain. 
Geometry t (mm) ρr W/v(MJ/m
3) σy(MPa) εd 
Schwarz - P 0.61 0.147 17.27 10.6 0.43 
Square 0.53 0.156 23.43 13.0 0.51 
Round 0.52 0.154 26.21 11.5 0.33 
Diamond 0.5 0.154 17.64 10.3 0.29 
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The ideality parameter is also employed in this study. It is  an indicator of the foam 
usage effectiveness which is defined as the ratio of the absorbed energy to the product 
of actual stress and strain [74]:  
  
∫  
 
 
      
  
 
 (27) 
 The ideality parameter of these 3D periodic cellar structures is shown in Figure 38. 
Schwarz primitive structure possesses the best foam usage within these cellular 
structures.  
 Although the Schwarz primitive structure doesn’t possess the optimal energy 
absorption capacity per volume among these specimens as shown in Figure 39 and 
Figure 40. But it does exhibit a stable, flat plateau stress over a long stroke strain, which 
makes it ideal for energy absorption applications.   
 
Figure 38.  Comparison of compressive of responsive of different 3D-periodic cellular 
structure in uniaxial compression test. 
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(a) 0.3 Strain (b) 0.5 Strain (c) 0.7 Strain 
Figure 39. (a) Energy absorption per volume of 3D-periodic cellular structures under uniaxial 
loading up to 0.3 of strain; (b) Energy absorption per volume of 3D-periodic cellular 
structures under uniaxial loading up to 0.3 of strain; (c) Energy absorption per volume of 3D-
periodic cellular structures under uniaxial loading up to 0.7 of strain. 
 
Figure 40. Comparison of energy absorption per unit volume of 3D-periodic cellular 
structures in uniaxial compression test 
 3D periodic cellular structures under tri-axial compression (hydro-5.3
static)  load 
The Tri-axial (hydrostatic) compression test is used to verify that the bulk modulus of 
Schwarz Primitive structure is better than other structures under the same constraint in 
this study. The tri-axial (hydrostatic) compression test result of the Schwarz primitive 
cellular structure in varied wall thickness (density) is shown in Figure 41(a). The 
specimens’ exhibit similar compressive response over the elastic region and structures 
still maintain their shape.  The permanent deformation began when stress load occurred 
over its yield point.  The yield stress increase was followed by an increase in wall 
thickness. Result deviation forms at approximately 0.5% of volume ratio and Steady 
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deformation shown in plastic region. Figure 41(b) shows the stress-volume ratio of 
structure in varies topology; similar structure response is shown. Schwarz primitive 
possesses the best stress response among these structures.  
  
(a) (b) 
Figure 41 (a).Stress and volume ratio comparison of Schwarz Primitive in varies thickness 
under hydrostatic pressure; (b) stress and volume ratio comparison of different cellular 
structures under hydrostatic pressure. 
Figure 42(a) illustrates the variation of bulk modulus of the Schwarz primitive structures 
with respect to the variation of their relative density. It can be seen that the increase of 
density resulting larger bulk modulus. Also, Figure 42(b) shows the variation of bulk 
modulus of varies 3D periodic cellular structures. The Schwarz primitive structure 
possesses highest bulk modulus over the 0.25 of volume strain, and a similar result is 
shown in the literature [40]. Also, the Schwarz primitive structure exhibits the best 
energy absorption per volume up to a strain of 0.25 as shown in Figure 43. 
  
(a) (b) 
 
Figure 42. (a) Bulk modulus and volume ratio comparison of Schwarz Primitive in varies 
thickness under hydrostatic pressure; (b) bulk modulus and volume ratio comparison of 
different cellular structures under hydrostatic pressure. 
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(a) 0.1 Strain (b) 0.25 Strain 
Figure 43. (a) Energy absorption per volume of 3D-periodic cellular structures under 
hydrostatic loading up to 0.1 of strain; Energy absorption per volume of 3D-periodic cellular 
structure under hydrostatic loading up to 0.25 of strain. 
 
It should be noted that the loading condition in our simulations and experiments is 
identical to “tri-axial compression”.  However, we use this loading method to approximate 
the “hydrostatic loading” so that the bulk modulus can be obtained in the simulation 
results.  For an open-cell cellular material such as the 3D periodic Schwarz primitive 
structure, it is difficult to apply a hydrostatic pressure on their external surfaces. We used a 
cubic specimen to investigate the material properties of the 3D periodic Schwarz primitive 
structure. The closest loading method to mimic hydrostatic loading is the tri-axial 
compression.   
To mimic the hydrostatic pressure P on all surfaces, a force, Fh, is applied on each normal 
surface of the cubic specimen. Its value is calculated using the equation of  Fh=PA,  where A 
is one surface area of the cubic specimen.   
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6. Conclusion and Further Research 
 Conclusion 6.1
Conclusion and detailed discussions have been taken up at the end of relevant chapters. 
The purpose of this chapter is to recapitulate the main findings, unifying them and to 
suggest some further research directions. Only the broad conclusions of this study are 
summarized here.  
The primary objective of this thesis was to investigate the energy absorption of cellular 
materials with periodic Schwarz Primitive structure and facilitate their applications in 
industry.  
The research in this work investigated the energy absorption and other mechanical 
properties of the Schwarz primitive structure under uniaxial and hydrostatic loading. 
The classification and basic principle of the cellular materials and application of the FEA 
on cellular materials were completely reviewed. Finite element model was developed to 
simulate the response of the Schwarz primitive structure. The model was validated 
using experiment conducted by the author. Extensive finite element analyses were then 
performed to simulate the response of Schwarz primitive structure in varies densities 
and other 3D periodic cellular structure. Thus, this validation of the finite element 
model was one of the main contributions in this thesis. It provides an economy design 
way to carrying out parametric studies on the cellular materials.  
Another main contribution of this thesis addressed out the energy absorption property 
of the Schwarz primitive structure under uniaxial loading and its structural response 
under hydrostatic loading. The Schwarz primitive structure possesses ideal compressive 
response in one direction, which is one of the ideal functions for applications in 
packaging or other energy absorption areas.  
The cellular materials with Schwarz primitive structure have an optimal bulk modulus, 
which may be extremely useful for sustain external forces, especially for hydrostatic 
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loading. Moreover, the stress-strain curve of the materials exhibits a stable, flat plateau 
stress over a long-stroke strain, which makes it ideal for energy absorption applications. 
It should be noticed that the specific energy absorption under uniaxial compression 
(energy absorption per volume) of such cellular materials may not be superior to other 
cellular materials.  
 Recommendations for further research 6.2
In this regard, the following works are suggestions for further research in this area:  
 Impact and shear experiments can be carried out to investigate the response of 
the cellular materials with Schwarz primitive structure; 
 Further researches on the potential applications of the cellular materials with 
Schwarz primitive structure are also recommended for energy absorption devices 
subjected to hydrostatic pressure. 
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